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NOMENCLATURE
A

Area normal to direction of heat flux, ft2.
Voltage amplitude ratio Vo/V^.
A location of a point of contact.

A'

Alternate location.

a

Inner race radius, in.
Major axis.
Radius of sphere.

Bi

hr/K of material.

BL

Boundary length, in.

BW

Circumferential band width, in.

b

Outer race radius, in.
Minor axis.

c

Heat capacity, Btu/lbm °F.

C

A constant found in Kreith for finding the
Nusselt number.
Capacitance in model schematic.

C"

Capacitance per unit area, pf/cm2.

d

Ball diameter, in.

E

Electromotive force, volts.

£

Non-dimensional voltage.

F

Fourier number = Kx/r2.

f

Function of (r).
Frequency, Hz
ix

Convective heat transfer coefficient or film
coefficient, Btu/hr/ft2/°F.
Current, amps.
Mechanical equivalent of heat, 778 ft lbf/Btu.
Thermal conductivity, Btu/hr/ft/°F.
Some characteristic length. In this problem,
it is the ball radius and the model radius,
in.
Length parameter used in development of the
electrical analog.
Thermal length or electrical length, i.e. ball
radius, in.
Slope of a line.
Friction torque, lb-in.
Shaft speed, rpm.
hr/K of fluid.
Kir f Rsq C")

= (™/K)j?h 1

Pitch radius, in.
Heat transfer for one ball for a 10 ball com
plement bearing, Btu/hr/ball.
Heat transfer rate, Btu/hr, Btu/sec.
Heat transfer rate per unit area, Btu/hr/ft2.
External thermal resistance = 1/hA, hr °F/Btu.
Electrical resistance, ohms.
Total input resistance, ohms.
Total boundary resistance, ohms.
Rockwell C hardness number.
Reynolds number.
Sum of resistances connected in parallel, ohms.
Resistance per square, ohms.

xi
Rrp

Total applied resistance to a particular
boundary length, ohms.

r

Ball radius, in.
Radial coordinate, may have a number as a
subscript to denote an element of a
coordinate pair.

T

Temperature, °F.

TSF

Temperature scaling factor.

U

Linear velocity corresponding to rotational
velocity of ball, ft/sec.

V

Potential difference, volts.
Volume.

v4

Linear velocity at point i, ft/sec.
i = 1 or 2.

x

X coordinate length, ft.

x'

Non-dimensionalized x coordinate.

Y

Y coordinate length, ft.

y'

Non-dimensionalized y coordinate.

a

Contact angle, °.

3

Angle traversed for one ball revolution, °.

<P

Angle in a segment of a sphere, °.

0)

Shaft angular velocity, rad/sec.
Thermal frequency.

A

Finite difference.

n

Constant =.l,

e

Nondimensional temperature.

<

Thermal diffusivity, ft2/hr.

u

Coefficient of friction.

v

Kinematic viscosity or momentum diffusivity,
ft2/sec.

.2 , .3 .

. . 1 ., 2

.,

. . .n

Xll

p

Density, lbm/ft3.

T

Time.

ft

Orbital angular velocity, rad/sec.

Subscripts
B

Refers to ball.

b

Refers to band.

bl

Refers to resistance connected to unit length
of boundary.

e

Refers to ellipse.

el

Refers to electrical case.

i

Refers to inner race, an integer, and subscript
for V denoting voltage, in.

L

Refers to localized heating.

M

Refers to semi-major axis of contact ellipse.

m

Refers to semi-minor axis of contact ellipse.
Refers to the model radius.
Refers to measured quantity.

max

Maximum value.

min

Minimum value.

o

Refers to outer race.

R1

Input resistance.

r2

Total output resistance.

ro

Refers to rotational value.

ss

Steady state.

st

Standard.

th

Refers to thermal case.

CHAPTER I
INTRODUCTION
The Problem
This thesis reports an investigation of the
generation of heat on, and the prediction of temperature of
high-speed, dry-film lubricated, stainless steel bearing
balls.
Justification and Delimitations
Some applications of high-speed machinery require
bearings which operate under high loads and ambient
temperatures under 1000 °F.

These conditions necessitate

the use of either dry-film lubricants or no lubricants
at all in order to survive the high temperatures.

So far,

developments in this regime have resulted in short bearing
life, especially where high loads and temperatures are con
cerned.

The solution to this problem will aid in designing

bearings with a much longer life.
This thesis does not deal with heat transfer from
bearings as a unit, nor is it concerned with heat transfer
to or from or generation of heat on oil-lubricated balls
or rollers.

The Solution
In order to obtain a solution, it was required that
existing technology be investigated and, if necessary, that
a model be developed, tested and compared with metallurgical
data.
Existing bearing technology was reviewed.

The

pertinent aspects of current research with respect to ball
heating and temperature prediction are summarized.

Also,

the metallurgical properties of the particular stainless
steel involved are presented.
Since ball analysis, not bearing analysis, was the
principal objective, several models were developed in an
effort to pinpoint the ball heating mechanism and to
estimate the probable temperatures and heat fluxes involved.
Two principal models evolved:

a digital computer math-

model, and an electrical passive analog.

The development,

implementation and results of these models comprise the
body of the thesis.
The results of these models were compared with each
other as well as with metallurgical data from failed run
balls, unfailed run balls and from unrun balls.

The ob

jective for this comparison was to confirm by some empirical
means the modeled ball results.

The results were then dis

cussed and conclusions and recommendations were made for
further study in this area.

CHAPTER II
BEARING TECHNOLOGY
Bearing Heating
Within the scope of this thesis, bearing heating
involves rolling-sliding mechanisms and the associated
observations and theories which have been proposed.

The

goal of the literature search has been to ascertain which
kinds of mechanisms have been proposed in order to explain
how friction energy has been dissipated as heat.

In this

section, the salient points will be given.
The principal approach to bearing heating was the
premise that energy was lost through interfacial slippage
or micro-slip within a contact rectangle which is known as
Reynolds-slip, or within a contact ellipse, known as
Heathcote slip.

A molecular adhesion approach was also

proposed by Tomlinson.

Subsequent observations have shown

that such phenomena are minimal except when ball surface
oxides are destroyed (1).
On the other hand, the former findings were refuted
by those who contended that frictional losses resulted

pri

marily from deformation and hysteresis within the bearing
races.

With respect to high-speed bearings, Bowden and
3
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Tabor (1) summarized that the latter approach predominated
to a greater extent, and that it was complicated by other
factors such as ball spinning, surface roughness and
corrosion.
In agreement with the previous opinions, investi
gations by Drutowski have shown that there was a strong
interplay between microslip, hysteresis, and material
properties as well as the volume of stressed material
involved in ball rolling.

This was emphasized in three

principal articles (2, 3, 4).

In (4), particular attention

was given to the microslip-hysteresis contribution to ball
friction losses.

It was established that for a sphere

rolling in a circular groove, hysteresis losses pre
dominated.
With respect to dry-film-lubricated, ball bearings
and those in which a minimal oil film is present, Coulomb
friction is the predominant factor.
Harris (5).

This was observed by

It was felt that Coulomb friction was the out

ward evidence of the previous phenomena.

Harris agreed.

He mentioned that ball motion was inseparably connected with
a "raceway control condition," and that rolling without
spinning occurred relative to the controlling raceway and that
a combination of rolling and spinning occurred on the opposite
raceway.
Many mechanisms for frictional energy dissipation
have been proposed and proven, such as those presented in
this section.

The primary endpoint of these investigations

is that by some method, be it micro slip, hysteresis or
spinning, frictional heating is the result.

This heating,

for a sphere, is produced within an elliptical contact area.
If this area is known, and if the dissipated energy is
known, the local temperature may be determined.

This is

developed in detail from ball rolling parameters in the
following chapter.
Predicting Bearing Temperatures
The literature has been sparse with respect to
ball heating, but has been more informative with respect to
bearing heating as a whole.

To illustrate, Harris (6),

Filetti et al. (7), approached the bearing heating problem
with nodal subdivision of a bearing-housing-shaft arrange
ment.

The temperature and heat flux at each node was

obtained by solving a system of Kirchhoff energy equations
by the Newton-Raphson method.
Harris' approach was especially significant, in that
he showed in a straight-forward manner how temperatures and
heat fluxes may be predicted for particular locations in a
bearing arrangement.

However, the method was not concerned

with localized temperature prediction on a ball surface
which, in the extreme, resulted in ball failure.

Moreover,

only well-lubricated bearings were considered instead of
dry-film lubricated bearings necessary for temperatures
above 600 °F.
A heating-failure mechanism, possibly applicable
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to the thesis objective, was observed by Reichenbach (8).
He described a continually increasing cycle of friction,
heating, and temperature upon lubricant depletion which
eventually consummated in bearing failure.
The references thus far summarized have not de
scribed ball heating per se, but were informative with
respect to current investigations into bearing heating in
general.

On the other hand, several references have

stimulated the formulation of a simple analytical approach
to model ball heating.
The principal article was written by Cameron, Gordon
and Symm.

In it, the prediction of contact temperatures on

rolling or sliding surfaces was mathematically developed.
Although the developments were beyond the scope of the
established purpose, useful principles such as the semi
infinite solid and concepts such as the moving heat source
were presented (9).*
In the same vein, with a rubbing point contact,
surface asperities may possibly be the real source of high
local temperatures.

The fact that an effective contact

area may be involved was extensively investigated by
Bowden, Tabor et al., and applied in practical form by
Holm (10, 11).
*This reference may prove useful in future indepth analyses of localized heating via a moving heat
source. Reference 14 also discusses moving heat sources.
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For example, an experiment described in

(10)

showed that when a metal rod was put in contact with a high
speed rotating disk, extremely high surface temperatures
resulted although the rod itself remained relatively cool.
This observation may have some meaning as far as an effective
contact area is concerned, but could not be used as a ball
heating model for two reasons:
1.

The experiment was one involving continuous

point contact— continual heating.
2.

A ball in a bearing has a continually moving

heat source on its surface— intermittent heating at any
particular spot on the ball.
The references for this section have implied that
a bearing ball heating model is extremely difficult to
develop and has not as yet been expressly described or
found in the literature.

However, an initial attempt was

made as the following two chapters present.

First, a brief

comment must be made with respect to the metallurgy of
stainless steel balls and its application within the
modeling scheme.
Ball Metallurgy
The metallurgy of stainless steel plays an
important role in the ball modeling scheme, since it can be
used to some extent to confirm model predictions by experi
ment.

Microstructure and hardness measurements may be com

pared for run and unrun balls.

ChapterVI describes such a
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method in light of the models developed and their pre
dictions of surface temperatures.
Attention is now focused on the metallurgical
properties of 440-C stainless steel, in order that the
information may be applied to the developed models later
on.

This steel is a member of the Group III family of

martensitic stainless steels which are composed primarily
of 1.0 per cent carbon and 16 to 18 per cent chromium and
other alloying elements.

The chromium which goes into solution

at about 2000 °F as chromium carbide contributes to this
steel's high hardness as well as its brittleness.
Below its maximum hardness, this steel will also work
harden (12).
It has also been observed that 440-C decreased in
hardness with an increase in temperature.

A test piece,

not a ball, originally hardened to a ROCKWELL C (Rc) hard
ness number of 60.5 decreased in hardness to Rc 50 within a
0 °F to 900 °F temperature range.

Figure 1* illustrates

the sample's hot hardness as a function of temperature.
Information obtained through AiResearch also indicated that
440-C rehardens above a temperature of 1500 °F.

This may be

useful in analyses of run balls suspected of having been
subjected to a very high temperature hardness transformation.
From the foregoing, with reference to ball heating,
the highest temperature attained by a run ball may be
♦Courtesy AiResearch. The sample was allowed to
stabilize for one-half hour prior to hot hardness measure
ments .
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Fig. 1.— Hot hardness as a function of
temperature for 440-C Stainless steel.
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approximated by comparing its hardness and microstructure
with an unrun ball.

Any hardness difference would give an

estimate of the temperature, if no working of the material
is assumed.
Thus, a familiarity with the metallurgy as well as
suspected ball heating mechanisms could lead to a meaningful
solution in predicting ball temperatures through simplified
modeling.

CHAPTER III
MODEL DEVELOPMENT— A COMPUTER SOLUTION
Overview
It has been observed that high surface temperatures
on bearing balls ultimately lead to failure.

An estimate

of the magnitude of such temperatures was made by metallur
gical examination of a 5/32 inch diameter, 440-C stainless
steel ball.

Figure 2* shows a temperature versus radius

plot based on hardness readings of a failed ball.

The

measurements indicated an approximate temperature difference
of 1100 °F within the first few (0.003) thousandths of an
inch, and no internal ball heating.
Did the ball actually attain such a high surface
temperature, or did it soften and then fail by work
hardening?

The answer to this question gave impetus to

develop a simplified model which could predict ball surface
phenomena.
This chapter presents the development of an
analytical method to predict ball behavior in a stepwise
♦Courtesy AiResearch. The ball ran at 10,000 rpm
in a 700 °F ambient environment. The loading is
proprietary.
11

temperature (°F)

Fig. 2.— Temperature versus radius based on hardness readings
of a failed ball.
CO
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fashion.

Initially, a rough estimate of ball heating

phenomena associated with the failed ball will be given.
Subsequent sections show the development of a ball heating
model for computer solution.
Preliminary Approximations
In order to get a feel for the kind of analysis
involved, a preliminary estimate of the heating phenomena
associated with the failed ball previously introduced was
made.

If the temperature gradient were known, the heat flux

could be determined from Fourier's Law of Heat Conduction
expressed as:
q = - KA 3T/3x

(3.1)

Equation (3.1) was modified and expressed for a
finite distance, temperature and one-dimensional heat flux
per unit area as:
q" = - K AT/Ax

(3.2)

Using the values AT = 1100 °F as mentioned, Ax = 0.003 in.
as mentioned, and K = 14 B/hr/ft/°F for stainless steel,
q" was computed.

The flux per unit area for the given AT

amounted to 61.6 million B/hr/ft2.

If this is reduced to

ball dimensions, the flux amounts to 119 B/sec/in.2.
In the same light, an approach employing Schneider's
Temperature Response Charts (13) showed that if a sphere the
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size of the bearing ball were heated for as long as two
seconds, the ball would behave as a lumped system, i.e. it
would be heated uniformly throughout.
Accordingly, it was deduced that to produce such a
high gradient the ball would have had to be heated at a
very high rate for three orders of magnitude less time as
with a moving heat source.

The following sections elaborate

more fully on this deduction.
The Computer Model
It was decided that a computer model should be
developed which could, in part, be hand calculable and as a
whole lend itself to the efficiency of a digital computer.
The computer program was written under the auspices of
AiResearch and therefore is proprietary.

Hence, only the

salient items will be mentioned during the development of
the model in order that the solution will be clear.
Basic Assumptions
The basic assumptions for the computer model were
based on the premise that the ball was heated on the surface
by a method analogous to a moving point-source.

An angular-

contact ball bearing served as the modeling environment,
since the failed ball was loaded axially and radially.

The

assumptions are given as follows:
1.

Pure rolling existed on some part of the ball.

2.

Contact time was a function of ball loading, race

control, contact angle, contact ellipse size and bearing

speed.
3.

Bearing friction torque was dissipated through

the contact ellipses within a circumferential "band" wherein
the ball rolled.
4.

Bearing friction torque was dissipated as a heat

flux equally into the balls and the races.
5.

It was assumed, for this development that the

ball was receiving all of the flux in order to provide some
upper bound for a temperature estimate.
6.

The flux dissipated to the balls was proportional

to the weighted average of the ball load with respect to the
bearing load.
7.

Negligible heat was generated at the ball-

separator interface.
8.

The system in the vicinity of the contact

ellipse could be approximated as a one-dimensional semi
infinite solid as suggested in (9).
Based on the foregoing assumptions and ball kine
matics, the parameters pertinent to the model were then
developed.
Model Parameters
The first assumption, concerning ball rolling as
developed, is illustrated in part by Figure 3 wherein basic
■i
ball motion for one complete ball rotation is shown. Zero
degree contact angle is assumed, i.e. the ball is rolling at
the bottom of a raceway groove.

If the rotational velocities

16

Fig. 3.— Basic ball motion.
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are known or computed, and the bearing parameters are
known, then the time it takes for one complete ball revo
lution can be computed.

The development is as follows:

By geometry,
aw/2 =

(b + a)/2 = wBPR

(3.3)

For one complete ball revolution, by geometry,
ird/b = 3 =

(3.4)

An identity is found as,
d = b — a

(3.5)

The shaft angular velocity from a known shaft speed N (rpm)
can be obtained by:
a) = 2ttN/60

(3.6)

Employing equations (3.3) to (3.6) inclusive and solving
for At ,

Ax = 30(b2 - a2)/abN

(3.7)

A significant variation of Equation (3.7) is the
general case wherein Ax is dependent on contact angle.
Figure 4 shows ball motion with an arbitrary contact angle
with pure rolling somewhere on the ball surface.
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The ball side view shows race control and how ball
contact angles are defined.

When a = ac the ball is

assumed to be under outer-race control and will slide or
spin on the inner race.

On the other hand, when a =

the ball is assumed to be under inner-race control and will
slide or spin on the outer race.
Figure 5 emphasizes the point of contact variation
over a time interval At .

It shows the actual position

a point (A) attains after a time increment Ax versus a
point (A1) making contact with the race during the same time
span.

The time increment Ax may be computed for the general

case as follows:
In Figure 4, by geometry.
V1 = tpR ~ d cos a/2]fa)

(3.8)

v2 = tpR “ d cos g/2]m/2

(3.9)

and

The ball orbital angular velocity ftB , using Equation
(3.9), may be expressed as:
= v 2/pR = w/2[l " d cos g/2Ppl

(3.10)

Again from Equation (3.9) and Figure 4, the ball
angular velocity is expressed as:
o)B = 2V2/d cos a = a)/2[2PR/d cos a -1] (3.11)

19

Fig. 4.— Ball motion with an arbitrary contact angle.

A
A'

Fig. 5.— Point of contact variation over a
time interval of At.
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From Figure 5:
w b At

= 2tt - figAx

(3.12)

Solving Equation (3.12) for Ax and substituting Equations
(3.6), (3.10) and (3.11), Ax is found as:

Ax = 120/N/[2PR/d cos a - d cos a/2Pj^]

(3.13)

If cos a = 0, i.e. a = 90°, Equation (3.13) is undefined.
However, it is applicable within the contact angle variation
for most angular-contact ball bearings.

On the other hand,

if cos a = 1, the equation reduces to Equation (3.7).
Equations (3.3) to (3.13) inclusive may be said to be
applicable to basic assumption one and somewhat to number
two.
The second assumption was satisfied in conjunction
with Equation (3.13) and with parameters supplied via an
AiResearch rolling element bearing analysis program.

The

proprietary nature of the program's application in this
respect prohibits further elaboration.
Figure 6 helps express basic assumption three.

It

shows a typical contact ellipse orientation on a rolling or
sliding ball.

It is also seen how an ellipse traverses a

path within a circumferential band during a complete
excursion around a bearing race.
point comes to light.

In addition, an important

It can be shown that if the size of a

contact ellipse is known, the contact time interval can be

21

amin)

Fig. 6.— Typical contact ellipse orientation
on a rolling or a sliding ball.
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determined.

The ellipse contact time, without derivation,

is given by:
Are = 2bm/ird

At

(3.14)

Assumption four is true whenever the balls and the
races consist of the same material.

In actuality, the race

tends to receive more heat flux on account of its greater
heat capacity and would help cool a hotter ball.
Assumption five is very conservative.

The ball

surface cannot receive more heat flux than the maximum
amount as expressed by assumption six.

If the friction

torque dissipated within a particular bearing is known,
the individual heat flux is proportional to the weighted
average of the ball loading.

A useful example of how

friction torque may be computed was given by Harris (6).*
By using the mechanical equivalent of heat, the total heat
flux dissipated within the bearing may be obtained.

This

is given by:
q = it x N x Ml/(360 x J)

(3.15)

If N = 10,000 rpm. Equation (3.15) reduces to
q = 0.112167 Ml

(3.16)

*See Harris' example 14.6, Reference 6, page 450.
The friction torque was primarily obtained via an in-house
computer program at AiResearch.
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Assumption seven can be considered a valid one since
the coefficient of friction is fairly low in this vicinity,
especially with high temperature dry lubricants present.
An additional set of parameters necessary for
temperature estimates are the contact area and the band
width.

The contact area is primarily associated with the

computer model; the band width, with the passive analog as
developed in the succeeding chapter.

The ellipse area is

given by:
Ae -

ffajyjbjn

For outer race control the circumferential band width is
expressed as
BW = aomax + aomin +

(amax ” amin)

(3.17)

Assumption seven may be supported best by recalling
that in order to model a situation similar to the failed ball,
short contact times are involved, hence the semi-infinite
solid.

Figure 7 illustrates the basic concept of the semi

infinite solid as applied to a bearing ball being exposed
to a constant heat flux at the contact ellipse surface.
During short contact times, the temperature wave never
reaches the ball's center.
Carslaw and Jaeger's work gives a temperature
expression for a semi-infinite solid exposed to a constant
heat flux (14).

It is given by

constant Q to
the contact
ellipse surface

ball
centerline

Fig. 7.— The semi-infinite solid as
applied to a bearing ball.

T = 2Q/K (k t /tt) 2

With

k

(3.18)

for stainless steel being equal to

approximately 0.263 ft2/hr and K being equal to 14 B/hr/ft/°F,
and Q and

t

were needed.

The computer program provided

these parameters and employed Equation (3.18) to obtain a
solution.

Chapter V presents a range of solutions in

tabular form.
An additional ramification provided a solution to
the effective area concept.

This method estimated the area

necessary in the heating mechanism to produce the kind of
temperatures estimated to have existed in the failed ball.
In addition, heat flux information and a band
width estimate were compiled for the development of the
passive analog which will now be considered.

CHAPTER IV
MODEL DEVELOPMENT— AN ELECTRICAL ANALOG
General Description
The need for developing an electrical analog was
based on the fact that although the computer model predicted
approximate local temperatures, another similar method was
needed to amplify the first.

Electrical passive analogs

can be used because certain variables in electrical science
have analogous variables in thermal science; and with the
proper scaling factors involved, an electrical system can be
made to behave like a thermal system.
The principal goal of the electrical analog will
be to model a band heat source around the ball.

That is,

the model should show how a bearing ball responds when it
is assumed to be heated uniformly around the contact band
upon which it rolls, spins, or slides.
The chapter presents a brief summary of elect
rical analog theory, the development of a two-dimensional
spherical analog and the calibration and testing of the
model.
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The Theory
Electrical analog theory as applied to heat transfer
modeling is based on the similarity of the thermal and
electrical conduction equations.

The method used in model

ing band-heating of a bearing ball was developed by
Hoogenboom (15) who applied the method to model the cooling
of gas turbine blades.
The two-dimensional heat conduction equation is
given by
K (32T/3x 2

+ 92T/9y2) = pc

9T/9x

(4.1)

The derivatives with respect to temperature are the second
partial derivatives in the x and y directions.

Their sum

multiplied by the thermal conductivity is equal to the
first partial derivative of temperature with respect to
time, multiplied by a thermal capacitance term.
The analogous equation for electric conduction in
a flat plate capacitor is given by
1/Rsq(9 2V/9x 2 + 92V/9y2) = C"9V/9t

(4.2)

The first and second partial derivatives are analogous to
those in the thermal case.
It is seen that some similarities exist between
Equations (4.1) and (4.2).

They are

C" ~ pc
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and
K ~ 1/Rsq
If each equation is nondimensionalized, they will be exactly
similar.

Only the names are changed.
The nondimensional form of the thermal equation,

Equation (4.1) is developed briefly.

By dividing both

sides of Equation (4.1) by K,
32T/3x2
where

k

+ 32T/3y2 = 1/ k 3T/3t

(4.3)

= thermal diffusivity.

Non-dimensionalizing with respect to a characteristic length
L,
32T/L23x 2/L2 + 32T/L23y2/L2 = 1/L2k 3T/3t /L2

(4.4)

Letting
x 2/L 2 = x' 2 ,
and
y 2/L2 = y'2,
and multiplying both sides by Equation (4.4) by L2,
32T/3x 12 + 32T/3y'2 = 3T/3

k t /L2

= 3T/3Fth

(4.5)

One can non-dimensionalize with respect to temperature by
letting
e = (T - T0 )/(Tmax - T0 )

(4.6)

29
Equation (4.6) is the characteristic expression for a nondimensional temperature, and should be self-explanatory.
The heat conduction equation may now be written in full nondimensional form as.

320/3x'2 + 320/3y12 = 30/3Fth

(4.7)

Similarly, expressing a non-dimensional voltage by e.
e = (V - V0 )/(Vmax - VQ)

(4.8)

the non-dimensional voltage conduction equation may be
written as

32e/ 3x '2 + 32e/3y'2 = 3e/3Fel

(4.9)

The Fourier numbers for the electrical and thermal equations
are expressed as
Fth = KT/r2

(4.10)

Fei = T/C"Rsqr2

(4.11)

and

From the foregoing it is seen that an electrical analog or
circuit consisting of capacitors and resistors may be con
structed to simulate a thermal circuit containing thermal
capacitance and resistance.
A significant parameter which expresses the relation
ship between the external and internal thermal resistance of
a body is the Biot number (Bi).

This number may be

expressed as the ratio of external ball convection to
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internal ball conduction.

For a Biot number less than 0.1,

the system may be considered a lumped system.
The development of h will not be given at this time
but will be presented in Appendix C.

A simple electrical

analog may now be constructed in order that some of the
basic parameters involved may be understood.
A typical analog circuit consists of a capacitance
to which boundary resistances are attached.
in Figure 8.

This is shown

Also associated with each capacitance is a

characteristic internal resistance which, when applied to
the model, amounts to RSq«

=- E
capacitor plate
with resistance per
square

Fig. 8.— A typical analog circuit with
boundary resistance.
If one focuses his attention again to the analog, one
can see that the circuit is analogous to a thermal circuit as
expressed by the development of the non-dimensional
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equations.

The battery represents a temperature difference

to which the body (capacitor with internal resistance) is
subjected.

The ambient temperature is represented by

ground; the surface convection, by

or resistance

attached to a unit length of the body boundary.

From cir

cuit familiarity, the total externally applied resistance
for a boundary length is expressed by

R,p = Rfci x 1 unit length/BL

(4.12)

The expression for R^j as developed by Hoogenboom is

Rbl

(4.13)

(Rsq-^ el x 1/B^th

If good modeling is expected, the electrical and
thermal Fourier numbers or dimensionless time has to be the
same.

This being true. Equations (4.10) and (4.11) may be

set equal to each other and solved for electrical time
(Tei) in terms of thermal time (xth)•

Tel =

Doing so,

Tth(l2el/l2th x KRsqc">

(4.14)

Equations (4.10) to (4.14) define all the essentials
necessary to model a thermal circuit.

All that is needed is a

material suitable for modeling.
The material employed consisted of 0.001 inch Mylar
with a conductive coating of aluminum on one side (serves
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as the ground plate of a capacitor), and with a coating of
resistive paint (internal body resistance or Rsq_) on the
other.*
The development of a two-dimensional electrical
analog of a sphere which represents the bearing ball may
now be discussed.
A 2-D Model of a Sphere
Initially when one thinks about modeling a sphere
for an analog, 3-d comes to mind.

It has been shown, how

ever, that three dimensional modeling has been viritually
impossible to do.

Hence, attention is focused on the task

of mapping a sphere into two dimensions according to some
basic assumptions.
Basic Assumptions
The principal assumption which has to be made is
that the mapping process has to take constant volume into
account, so the heat capacities of the sphere and the model
have to be the same.

It may also be seen that one dimension,

an insignificant one, has to shrink to zero in order to
obtain a two-dimensional model.

The assumption is that a

temperature wave traveling on the surface of and radially
into the center of the ball is dissipated prior to reaching
the equator or center.

This is shown in greater detail

*May be obtained by writing to Custom Coating and
Laminating Company, Goddard Industrial Center, 717 Plan
tation Street, Worcester, Mass.
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in the following section on the mapping of a sphere into
2-D.
From 3-d to 2-d
The mapping of a sphere from three dimensions into
two is based on the previous assumption of equivalent heat
capacities or volumes.

In Figure 9, from top to bottom

we see the stepwise development of the mapping from a
section of the actual sphere.

The development of the mapping

is given in distinct steps.
For equivalent heat capacities, equal volumes are
required.

For the actual sphere,
dV = /a2 - r2 rd<j>dr

(4.15)

For the model (middle drawing of Figure 9)
dV =

xadtj)dr

(4.16)

Equating (4.15) and (4.16), x is found to be,
x = r (1 - (r/a) 2 )%

(4.17)

For a unit sphere,
x = r (1 -

r2)*50<_1< r

(4.18)

The variation of x with respect to r, or the slope M for
the actual sphere is
dx/dr = - r/(l - r z )h = M

(4.19)
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Fig. 9.— Mapping of a sphere into 2-D,
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For the model (middle drawing of Figure 9)
dx/dr = 1 - 2r2/ (1 - r 2 )% = M

(4.20)

The slope of line 1 (1 perpendicular to surface in middle
drawing of Figure 9) is given by
Slope of 1 = - 1/M = (1 - r2) V ( 2 r 2 - 1) (4.21)
which in third drawing is
Slope of 1 = - 1/M = (X2 - x)/(r2 - r)

(4.22)

The relationship of the differential areas dA may now
be investigated.

For the actual sphere,
dA = (dx2 + dr2)*5 rd<J)
,
= (1 + (dx/dr) 2)~ drrdcj)

(4.23)

where the relationship is based on trigonometry.
The model differential area is given by:
dA = (1 + (dx/dr) 2)^

drf(r)d<f>

(4.24)

where f(r) is some function for which one can solve.

Sub

stituting Equation (4.19) and (4.20) into (4.23) and (4.24)
respectively and equating dA,
f (r) = r/(2 - 5r2 + 4 r k )%

(4.25)

Let the length of 1 be inversely proportional to the area
dA, since the external resistance to a body in a convective

36
environment may be expressed as.
R = 1/hA

(4.26)

Hence,
1 = n/f(r) = [(2 - 5r2 + 4rlt)Vr]n

(4.27)

where
T) “ 0, .1, .2, ... , 1, 2 ... n
By considering the bottom drawing of the model in
Figure 9, by trigonometry, Al2 is found as.
Ax2 + Ar2 = Al2

(4.28)

From Equation (4.22),
(Ax/Ar)2 = (-1/M) 2 = (1 - r 2)/(4r‘f - 4r2 + 1)
and
Ax2 = (1 - r 2)/ (4r ** - 4r2 + l)Ar2

(4.29)

Solving for Ar using Equations (4.27) and (4.28)
Ar = - ( (1 - 2r2)/r)n
= ( (2r2 - l)/r)n

(the negative root)
(4.30)

From (4.30) and the same drawing, using the
coordinates given.
r 2 = r + Ar
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and
r2 = r + ((2r2 - l)/r)n

(4.31)

From (4.22) and (4.30), Ax is given as.
Ax = (1 - r 2)Js/(2r2 - l)Ar
= ( d - r2)Vr)n

(4.32)

The x2 coordinate may now be expressed as.
x2 = x + Ax
or
x2 = r (1 - r2)^ +n(l - r 2)/r

(4.33

The principal equations for reducing the actual
sphere to the mapped sphere are then (4.31) and (4.33).
For various values of n a graph of the transformed
sphere may be plotted.

Figure 10 on the following page is

a plot of the two-dimensional model of a sphere (n = 0) and
various external resistance parameters (n = 0.1, 0.5, 1.0).
The perpendicular lines emanating from the sphere surface
are directly proportional to the external resistance and
hence contribute a qualitative aspect to the model as drawn.
It is seen that external resistance increases to
infinity as the radius r decreases to zero, and that the x

Fig. 10.

Two-dimensional model of a sphere with external resistance.

CO
00
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dimension of the actual sphere has shrunk to zero.

Also,

the surface of the sphere is given by the curve n = 0,
and the radius of the sphere from the center to the
surface is given by the line x = 0.
The entire plot will not be needed for the analog
itself.

It is only necessary that external resistance

variation be replaced with resistors whose value is proportion
al to the length along the surface of the sphere.
Figure 11 shows the detail of the 2-d analog as de
veloped.

The external resistances are connected to the

boundary.

The half-band width, proportional to the actual

half-band width as computed, is shown as the silver painted
line on the sphere surface at r = 1.0.

The band is connected

to some input resistance, by which a constant current (heat
flux) may be provided.

The calibration standard on the left

was used to determine C" and Rsg for the conducting
material.
Model Application
Calibration
The model was calibrated by measuring the resistance
and computing the capacitance of the 3 x 1

inch standard.

According to methods suggested by Carslaw and Jaeger (14)
and Hoogenboom (15), a workable calibration technique was
developed.

This is developed in detail in Appendix B.

Fig. 11.— Two dimensional analog and
calibration standard.
O
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Model Testing
The model, with a preset convective boundary con
dition, was tested by subjecting it to a constant current
(heat flux) input at the band and then measuring and ob
serving its response.

Both input and response were measured,

observed and compared via an oscilloscope.*
The input was either a square wave step input or a
synthesized waveform corresponding to an actual bearing
duty cycle.
was used.

Initially, for model tryout, a square waveform
However, in order to compare band heating with a

constant heat flux to localized surface heating emphasized
in Chapter III, a bearing duty cycle had to be modeled.

A

waveform synthesizer was used to create the input.
Figure 12 shows a typical input and response to a
heat flux*
** of 11.78 Btu/hr/ball with a convective boundary
condition of 22.6 Btu/hr/ft2/°F.

The abscissa indicates

actual or thermal time; the ordinate, voltage and corre
sponding temperature in degrees above ambient.

The duty

cycle consists of a ten second heating and a ninety second
cooling time.

The ball never attains the steady state

temperature of 1449 °F above ambient, but heats up to 585 °F
and cools quickly.
♦Details of the experimental apparatus arrangement
determination of film coefficients, i.e. convective boundary
conditions, scaling, etc. are also contained in the
Appendix.
**As calculated from friction torque.

Fig. 12.— Ball temperature response to a constant heat flux input.

4^
K)

It was observed that for any heating and cooling
situation, the response was the same for any part of the
ball.

This, in conjunction with rapid heating and cooling

as shown, indicated that the ball behaved as a lumped
system.

Results in this respect will be given in the next

chapter wherein they will be compared with the model
solution for assumed local heating.

CHAPTER V
MODEL SOLUTIONS
This chapter presents the solutions to the localized
heating and uniform band heating models in tabular form with
associated comments.
Localized Heating Model
The principal parameters involved in the localized
heating model for computing surface temperatures were
friction torque, ball contact angles, contact ellipse
dimensions and shaft speed.

The program output pertinent

to the analysis consisted of ball heat flux, contact time,
ellipse area and temperature.
It was found that the most heavily loaded ball had
the highest temperature and that this temperature was pro
duced under outer race control.
0.19 x 10

The ellipse area was

sq. in., and the corresponding contact time

amounted to 0.03 milliseconds.

In conjunction with this

contact time and ellipse area, various local surface
temperatures were predicted according to Equation (3.19).
Table 1 lists the predicted above ambient local surface
temperatures by assuming various coefficients of friction
(y).

The equivalent friction torque, total heat flux and
44
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heat flux per ball for a ten-ball complement bearing are
given.

The contact time and the ellipse area are considered

constant which may not be the case for increasing y.

The

film coefficient is 22.6.*
TABLE 1
PREDICTED TEMPERATURES FOR LOCALIZED HEATING

q

Ml
lb in.

Btu/sec

8.340

0.935

336.77

2905

5.0

4.1702

0.46776

168.39

1453

0.35

0.2919

0.03274

11.787

0.15

0.1251

0.01403

5.051

43.58

0.07

0.03375

0.00379

1.3644

11.76

0.024

0.00269

0.969

_a

0.1158

0.01229

4.6752

40.33

—

0.1408

0.01579

5.6839

49.04

y

10.0

~ 0.05

Q
Btu/hr/ball

T

°F

101.7

8.539

aPer Harris' method for computing friction torque
(6). From the torque obtained by his method, it is estimated
that the coefficient of friction may lie in the range 0.07 £
y _< 0.2. It may, however, be higher than this value.
It is seen in Table 1 that for large friction co
efficients very high, above ambient temperatures result.
Even higher temperatures result if the effective contact
*An approximation for a bearing shaft speed of
10,000 rpm as developed in the Appendix.
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area is assumed.
For example (for y = 0.35)/ in order to attain a
temperature difference of 1300 °F between the contact sur
face and the center of the ball, only 8 per cent of the
previously given contact ellipse area would have to actually
make contact.
Uniform Band Heating
The results from the passive analog given in Table 2
indicate that for increasing convection on the ball surface,
the temperature decreases.

Concurrently, the Biot number

increases with the film coefficient as well.

The duty cycle

employed was a tenth of the amount previously mentioned.
Also, the heat flux was chosen in such a manner that a com
plete range of film coefficients could be presented.*
Comparison of Solutions
A comparison of the temperatures predicted by each
model for a specific heat flux may now be made.

Although

there is quite a difference in the models' purpose, localized
surface heating versus uniform band heating, there is a unity
in the order of magnitude of the temperatures.

This is shown

in Table 3.
It can also be seen that band heating produces a
higher temperature than does localized heating.

The reason

for this is that the localized temperature was for a duration
of 0.03 milliseconds, whereas the band was heated
*See Appendices C and D.
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TABLE 2
VARIATION OF BALL TEMPERATURE
WITH FILM COEFFICIENT
h

Q

Bi

°F Measured

20.0

10.0

1389

.009

100.03

22.6

10.0

1229

.0105

98.3

25.0

10.0

1111

.0116

90.4

30.0

10.0

926

.0139

89.5

40.0

10.0

694

.0186

88.0

50.0

10.0

556

.0233

87.3

100.0

10.0

278

.0465

86.0

200.0

11.786

164

.0930

91.1

300.0

11.786

109

.1395

72.7

400.0

11.786

81.8

.1860

63.4

500.0

11.786

65.5

.2325

54.3

1000.0

11.786

32.7

.4650

31.7

for one second.

AT Steady State

So, relatively speaking, higher localized

temperatures are reached than ball temperatures.
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TABLE 3
TEMPERATURE COMPARISON FOR LOCALIZED
VS. BAND HEATING

Q
B/hr/ball

tl

°F

Tb
°F

336.77

2905

3317.2

168.39

1453

1658.6

11.787

101.7

116.14

5.051

43.58

49.74

1.3644

11.76

13.45

0.969

8.539

9.543

4.6752a

40.33

46.05

5.6839

49.04

55.93

aSame as for Table 1.

CHAPTER VI
METALLURGICAL ANALYSIS
Near the conclusion of experimenting with the
electrical analog, it was decided that some additional ver
ification of the models was needed.
large

The decision was to en

the study by performing a metallurgical>analysis of

a run ball and an unrun ball from and for the same test
from which the failed ball came.
Information provided by AiResearch indicated that
the run ball was run in tandem with the ball that failed.
This indicated strongly that the load was carried unevenly
by the bearing pair.

In this light, a hardness and micro

structure analysis proved most useful in that bearing ball
heating was pinpointed more closely.
Ball Hardness and Microstructure
The hardness of both a run and an unrun 440-C
stainless steel bearing ball were measured, and the micro
structure of each ball interior was examined.
Tukon

A Wilson

Hardness tester was used for the measurements.

A

500 g. load was applied to obtain microhardness in Knoop
hardness.
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The Knoop hardness was then converted by hardness
chart to an approximately equivalent ROCKWELL C value.
unrun ball measured 818 Knoop or Rc 64 throughout.

The

The run

ball was also found to be uniformly hard throughout.

The

hardness for the run ball was 717 Knoop or Rc 59.
As far as could be determined, no variation in
microstructure existed between the run and the unrun ball.
No surface cracks were evident on the run ball.

This showed

in essence that the ball was uniformly heated throughout.

CHAPTER VII
DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS
A computer math model and an electrical analog have
proven useful in essentially predicting or explaining ball
heating and ball temperatures.
The concept of the semi-infinite solid in con
junction with an effective contact area has shown that for
short contact times not much local heating occurs on the
ball surface.

Only upon ball seizure, wherein extreme

friction occurs, could extremely high temperatures be
achieved.

On the other hand, the analog has shown that the

ball heats uniformly, typifying

a lumped system.

It is concluded that for normal ball heating, the
ball is heated to the center and would be essentially of
uniform hardness.

The metallurgical analysis for an un

failed run ball has preliminarily confirmed this.

However,

the phenomena characterized by various hardnesses within the
outer periphery of the failed ball remains as yet not fully
explainable.
It is believed that a probable failure mechanism
for the failed ball would be:
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1.

Initial uniform softening,*

2.

Work hardening at the surface, or

3.

Seizure with rehardening as a result of bearing

overload.
It is recommended that additional tests be conducted
such as metallurgical analysis of unrun balls which have
been heated to various temperatures in an oven.

This may

help pinpoint actual surface temperatures attained incident
to failure.
Also, further testing of uniformly loaded bearings
should be pursued in order to see if bearing life can be
extended.
j
From the analytical aspect, additional investigation
with respect to the moving point source based on Reference 9
could be carried out.

*Both the run failed ball and the run unfailed ball
showed the same hardness except for the surface of the
failed ball.

APPENDICES

APPENDIX A
ELECTRICAL ANALOG APPARATUS AND TEST SETUP
\

Apparatus
The apparatus employed in conjunction with the
electrical analog is listed as follows:
1.

Simpson Volt-ohm-ihilliammeter.

2.

Tektronix oscilloscope camera with Polaroid film

3.

Tektronix type 564 storage oscilloscope with a

pack.

dual trace Type 3A72 Vertical Amplifier and a Type 2B67
Time Base.
4.

Hewlett-Packard HP3300A Function Generator with

HP3302A Trigger/Phase Lock.
5.

Exact Model 202 Complex Waveform Synthesizer with

programmer. Model 120.
6

.

Hewlett-Packard 10X attenuation probes.
Test Arrangement

Figure 13 shows the test arrangement used for
operating the electrical analog.

The equipment is shown in

the following order:
Front, left— the analog.
Back, left to right— Simpson meter, oscilloscope
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Fig. 13.— Electrical analog test setup.
Ul
(J1

camera, function generator (top), and complex
waveform synthesizer (bottom).

APPENDIX B
CALIBRATION OF THE ELECTRICAL ANALOG

The model was calibrated by determining the
electrical properties of the resistive, capacitive material.
To do so, a standard was made by connecting two number 30
copper wires to a 3 x 1 inch segment of the material with
silver conducting paint (Figure 11).

Next, the resistance

of the segment was measured and the amplitude ratio of the
output to a given sine wave input at a certain frequency
was noted.

From measurement of resistance and amplitude

ratio, RSq and C" were computed.
Computation of Rsq
RSq was computed according to the simple relation

ship

Rsq

Rm/Ast

In this case,
Re_ = 3 x 101* ohms/ 3 x 1 sq in.
=

1 0

** ohms per square
57

(1 )
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Computation of C"
A relationship between thermal and electrical
frequency, diffusivity and length is given by P as
P - pel - <’rfRsqc">el

1

(2 )

Squaring both sides. and solving for C",

C" = P 2 A f R sql 2

(3)

If the input to output voltage ratio or amplitude
ratio A for the impressed sine wave is known, then P may
be determined.
function of P.*

Figure 14 shows the amplitude ratio as a
Parameter P may be found for a given A as

shown by the arrows.
For this analog a sine wave was applied to the
standard via the HP3300A function generator with the trigger/
phase lock turned off.

Oscilloscope probes were connected

to the input and the output.
scope was set to A = 0.4.

The vertical amplifier of the

The frequency of the input sine

wave was then varied until both the output and the input
sine waves had the same visual amplitude.

With the known

frequency, and P from Figure 14, C" was found using Equation
(3) as
*See Reference 14, page 106 and Reference 15 for
further information with respect to these relationships.
Graph, courtesy of Dr. Richard D. Ulrich.
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C" = 1.632/3.14 x 8640 x 1 0 k x 7.622
= 168.6 pf/cm2
Now, since R__
sq and C" were determined, scaling and
model input parameters such as
rth could be found.

Rqv and Te^ in terms of

This will be discussed in the section

on scaling the electrical analog (Appendix D).
In closing, it may be noted that the calibration
procedure as described is independent of the model used and
depends only on the kind of material used.

APPENDIX C
ESTIMATING A CONVECTIVE HEAT
TRANSFER COEFFICIENT
The convection from a high speed rolling bearing
ball was determined approximately by the methods of
Kreith (16) and McAdams (17), the rotating disk and con
vection from spheres to flowing gases respectively.
The Rotating Disk Method
By using the disk method, it can be assumed that the
sides of a rolling bearing ball not in contact with the
races may be approximated as disks.

The principal para

meters as proposed by Kreith are rotational Reynolds number,
Rero and rotational Nusselt number, Nuro.

The former is

expressed as
Rero = ur2/v

(1)

the latter as
Nuro = hr/K = C(Rero)^

(2)

For C = 0.35, and w = 2408 radians per second, h
was found to be 19.57 B/hr/ft2 /°F.
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A Sphere in a Convective Environment
The Nusselt number in this respect is given by
Nu = hd/K = 0.37(Ud/v)

(3)

Using this approach, the film coefficient was found to be
25.6 B/hr/ft2 /°F.
From the two results, an average value of h of
22.6 B/hr/ftz/°F was used.

This value of h is considered to

be on the liberal side since the ball is surrounded by the
races and the separator.

However, it was the first bound

ary condition used on the analog.

Other values for h were

obtained by merely changing the boundary resistances.
Moreover, an h of 300.0 would be about the highest
film coefficient which could reasonably be achieved by
external cooling such as boiling water or Freon.

Values

higher than 300 (see Table 5) were assumed for the model
but would be extremely difficult to achieve in practice.

APPENDIX D
OPERATING AND SCALING CRITERIA
The principal criteria involved in operating and
scaling involved:
1.

Obtaining a constant current source,

2.

Determining boundary conditions,

3.

Time and temperature scaling.

These items may now be individually considered.
Obtaining a Constant Current Source
Figure 15 shows a circuit schematic for the analog
by which an approximate constant current at the model in
put was obtained in order to model a constant heat flux
through the contact band.

Fig. 15.— Analog schematic.
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The steady state voltage on the model itself is expressed
by
E2 = E j / d +

(1)

R ±/ R 2 )

and the voltage difference by
Ex - E2 = [Ri/(R! + R2)]E1

(2)

The values used for the model were, as an example:
E 1 = 20 VDC,

^

= 10.38 x

1 0 6

ohms,

R 2 = 0.83 x 10 6 ohms.

The resistance value for R 2 is the sum of all the boundary
resistor values added in parallel, and is the only variable
in Figure 16.

The initial and steady state voltages and

currents for this example were found as shown in Table 4.
TABLE 4
EXAMPLE OF INITIAL AND STEADY STATE
VOLTAGES AND CURRENTS

Ei
Volts
Initial

2 0

Steady State

2 0

e2
Volts
0

1.48

Ei - E 2
Volts

2 0

18.52

iRl
ya.

iR 2
ya.

1.928

1.928

1.752

1.784

It is seen that the steady state current did not vary
appreciably from the initial current for Rj. and C.

Hence,

an essentially constant current was maintained for each
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modeling situation (see Tables 5 and

6

).

Determining the Boundary Conditions
The resistance for each length of boundary, as
shown in the model sketch in Figure 16, was determined by
Equations (4.12) and (4.13).

Accordingly, for various film

coefficients, the resistance settings were calculated.
Tables 5 and
assumed.

6

show these settings for all the values of h

It can be seen in Table

6

especially that the

boundary resistance values are independent of the heat flux
and dependent on h only.

Fig. 16.— Model sketch.
Time and Temperature Scaling
The time scaling was done according to Equation
(4.14).

It was found that approximately two milliseconds of

electrical time were equal to one second of thermal time.
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The temperature was scaled according to the
relations
iTss - Vss/TSF

(3)

where
TSF — iggZRjhAj^/Q

(4)

iss = E2/^Ri

(5)

and

As an example, the scaling factor for the initial test case
shown in Figure 12, was found to be 976 °F/volt.

The var

ious scaling factors for the model are also given in Tables
5 and 6.

TABLE 5

RESULTS OF ANALOG STUDY FOR VARIABLE
h AT A CONSTANT Q = 11.786

Bi
x

h

1 0 ~ 2

Rblc
x

1 0 6

xRl1 0

6
6

«

r3
x 10*

r4-6c
x 106

r 2

x

1 0

x

i-ss 1 0 “ 6

Vss

TAss

TSF

0.93

10.75

3.58

3.32

4.78

10.97

1.77

1 . 6 6

1636

984.9

1.05

9.52

3.17

2.94

' 4.23

9.71

1.78

1.484

1449

976

40

1 . 8 6

5.38

1.79

1 . 6 6

2.39

5.49

1.84

0.87

818

944

60

2.79

3.58

1.19

1 . 1 1

1.59

3.66

1.87

0.59

546

930

80

3.72

2.69

0.90

0.83

1.19

2.74

1 . 8 8

0.44

409

924

1 0 0

4.65

2.15

0.72

0 . 6 6

0.96

2.19

1.89

0.36

327

920

150

6.98

1.43

0.48

0.44

0.64

1.46

1.90

0.24

218

914

2 0 0

9.30

1.08

0.36

0.33

0.48

1 . 1 0

1.91

0.18

164

911

2 0

2 2

.6 a

250

11.63

0 . 8 6

0.29

0.27

0.38

0 . 8 8

1.91

0.14

131

910

300

13.95

0.72

0.24

0 . 2 2

0.32

0.74

1.92

0 . 1 2

109

909

350

16.28

0.61

0 . 2 0

0.19

0.27

0.63

1.92

0 . 1 0

93.5

908

aInitial test case.
<1

T ABLE 5— C o n t i n u e d

Bi
h

x

1 0 " 2

x

Rblc
1 0 6

(L
xRl
1 0 6

R?
x

1 0 6

x

r3
1 0

®

r4-6/x 106

x

iss c
1 0 " 6

vss

Tss

TSF

400

18.60

0.54

0.18

0.17

0.24

0.55

1.92

0.09

81.8

907

450

20.93

0.48

0.16

0.15

0 . 2 1

0.49

1.92

0.08

72.8

907

500

23.25

0.43

0.14

0.13

0.19

0.44

1.92

0.07

65.5

906

46.50

0.72

0.07

0.06

0 . 1 0

0 . 2 2

1.92

0.04

32.7

905

1 0 0 0

\

CTi

CO

TABLE

6

RESULTS OF ANALOG STUDY FOR VARIABLE Q
AND VARIABLE h

h

Q

2 0

1 0

x

Rblfi
1 0 6

Ri
x

1 0 6

x R 21 0 a6

R3
x

1 0 6

x

r4-6
1 0 5

x

i-ss ,
1 0 " 6

vss

“ ss

TSF

1389

835

10.75

3.58

3.32

4.78

10.97

1.77

II

II

It

II

II

II

II

II

2778

1671

30

II

II

II

II

It

II

II

II

4167

2507

40

II

II

II

II

II

II

It

II

5556

3343

50

II

II

II

II

II

II

II

II

6944

4179

1.16

8.60

2.87

3.82

8.78

1.80

1.35

II

II

It

It

II

II

II

II

1 0

2 0

30

- 2
2

0.93

2 0

25

xBi
1 0

2 . 6 6

1 . 6 6

1 1 1 1

822

2 2 2 2

1644

30

II

II

II

II

II

II

II

II

3333

2466

40

II

It

II

II

II

II

II

II

4444

3287

50

II

It

II

II

It

II

II

II

5555

4109

7.17

2.39

2.21

3.19

7.31

1.82

1.14

926

813

20

1.40
II

It

II

II

II

II

II

II

1852

1625

30

It

II

II

II

It

It

II

II

2778

2438

1 0

T ABLE 6— C o n t i n u e d

h

40

Bi
Q

x

Rblfi
1 0 6

x

R 1
6
1 0 6

r 2

x

1 0 6

1.40

7.17

2.39

2 . 2 1

50

II

II

II

II

1 . 8 6

5.38

1.79

II

II

30

II

40
50

1 0

1 0

2 0

30
40
50
1 0 0

1 0 " 2

40

2 0

50

x

1 0

2 0

R3
x 10

6
6

r4-6
1 0 ®

x

x

i-ss 1 0 " 6

v ss

^Tss

TSF

3.19

7.31

1.82

1.14

3704

3250

II

II

II

II

4629

4063

1 . 6 6

2.39

5.49

1.84

0.87

694

801

II

It

II

II

II

It

1389

1602

II

II

II

It

II

II

II

2083

2403

II

II

II

II

II

n

II

II

2778

3204

II

II

11

II

II

it

II

II

3472

4005

2.32
II

4.30

1.33

1.91

4.39

1 . 8 6

0.70

556

794

II

1.43
II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

II

It

II

II

II

It

II

II

II

II

II

4.65
II

2.15
II

0.72
If

0.96
II

2.19
II

0 . 6 6

II

1 1 1 1

1588

1667

2382

2 2 2 2

3176

It

2778

3970

1.89

0.36

278

780

II

It

555

1560
-j

o

TABLE

Bi
h

Q

x

1 0 ~ 2

Rbl,
x

1 0 6

*
xRl
1 0 6

6— C o n t i n u e d

r3

r 2

x

1 0 6

30

4.65

2.15

0.72

0 . 6 6

40

II

II

II

50

II

II

II

x

1 0 6

r4-6
x 10B

x

iss r
1 0 “ 6

vss

ATSs

TSF

833

2340

0.96

2.19

1.89

0.36

II

II

II

II

II

II

II

II

II

II

1 1 1 1

3121

1389

3901
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ANALYSIS OF HEAT GENERATION AND TEMPERATURE
IN HIGH SPEED,HIGH TEMPERATURE
BEARING BALLS

Hans R. Ringger
Department of Mechanical Engineering
M.S. Degree, April 1973

ABSTRACT
A literature review summarizes the developments con
cerning frictional heating and temperature prediction.
If the dissipated energy is known, a local as well
as a bulk ball temperature may be estimated. A simplified
digital computation is developed assuming a semi-infinite
solid for localized temperature prediction. In addition, a
2-D mapped sphere is used in an electrical passive analog to
model bulk heating.
It was shown and verified by metallurgical analysis
that unfailed bearing balls behave as a lumped system, where
as failed bearing balls result from either high temperature
localized heating such as in seizure or from ball softening
and subsequent work hardening.
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